Objectives: The aim of this study was to reveal the normal morphometric values of Achilles tendon using ultrasound (US) imaging in subjects of different gender, age groups, smoking status, and physical exercise habits.
Introduction
Achilles tendon is the largest, strongest and thickest tendon in the human body, [1] as a large and superficial structure that is easily accessible. [2] Tendons, as connective tissues, transfer the force produced by muscles to bones. [3] Achilles tendon may carry up to 110 MPa during running, [4] playing a very important role in lower limb biomechanics. [5] This tendon is amongst the most frequently damaged tendons in our body due to overuse and trauma. [1] Tendon disorders result in imbalance between mobility and stability. In recent years, the number and incidence of tendon injuries have increased to account for 30% to 50% of all sports-related injuries. [6] Changes in Achilles tendon size provide information on tendon health. For example, thickening of Achilles tendon is a precursor tendon ruptures. [7] [8] [9] [10] To determine the pathological changes for the size of Achilles tendon, it is necessary to to know the normal size. In this study, we aimed to reveal the normal morphometric values of Effects of physical characteristics, exercise and smoking on morphometry of human Achilles tendon: an ultrasound study*
Materials and Methods
This study was performed on 342 Achilles tendons of 171 healthy adult volunteers (69 females, 102 males) with no prior history of orthopedic surgery, deformity, fracture and abnormality in the ankle area or any systematic disease. The Ethical Committee of ‹nönü University School of Medicine approved all protocols (Approval number 2014/114). Informed consent was obtained from all subjects. Information including age, gender, smoking status, dominant foot, and engagement in sportive activities were collected. One hundred of the subjects were non-smokers, 71 were smokers, 95 were engaged in sportive activities, and 76 did not regularly take part in any sportive activity. For all subjects, the dominant foot was the right foot.
Criteria to carry out regular sportive activities were determined as follows: Participating in heavy sportive activities for at least 20 min/day for 3 days/week or moderate sportive activities of at least 30 min/day for 5 days/week under the supervision of an expert coach. Participation in these activities should be for at least 6 months.
Subjects were considered to be current smokers if they smoke at least 100 cigarettes up to the recorded date and were still smoking or had quit smoking a short time ago, i.e. within the last 12 months. Non-smokers were defined as those who never smoked or smoked less than 100 cigarettes over the course of their life.
Anthropometric measurements of height, weight, body mass index (BMI), waist, hip and thigh circumference, total lower limb length, tibia length, knee, calf and ankle circumference, foot length and breadth were taken by the same researcher.
All sonographic examinations were performed using a commercial ultrasound system (General Electric, Waukesha, WI, USA) with a 9-15 mHz linear-array transducer. To take normative measurements of the Achilles tendon, subjects lay in prone position with their feet hanging over the edge of the examination table. In order to increase the contact surface of the tendon and probe, the ankle was flexed up to 90°and the footpad rested against the wall to maintain a vertical angle (Figure 1 ). All sonographic scans and measurements were performed bilaterally by the same radiologist. The thickness, width and cross-sectional area of the tendons were measured at the level of the medial malleolus in the transverse scan. The thickness and width were measured by the maximum anteroposterior and mediolateral diameter, respectively while the cross-sectional area was measured by the continuous trace method by marking the boundaries of the tendon (Figure 2 based on the distribution. Mann-Whitney U test was used for comparison of the two independent groups. Spearman's correlation analysis was utilized to determine the relationship between Achilles tendon measurements and anthropometric measurements. For age group comparisons, owing to non-normal distributed data, Kruskal-Wallis test was used for comparing four different age groups. Multiple comparisons were carried out by Conover test.
Results
The average values of Achilles tendon measurements and anthropometric measurements for males and females are shown in Tables 1 and 2 . The average tendon width, thickness, cross-sectional area and length of male subjects were significantly higher than the average for female subjects (p<0.05, Table 3 ). Achilles tendon width, thickness, area and length showed no significant differences between the right and left side tendons ( Table 4) .
For the measurements of Achilles tendon in smokers and non-smokers, with the exception of the left Achilles tendon thickness, measurements taken for non-smoking subjects were larger than smokers (p<0.05) ( Table 5) . Achilles tendon measurements of subjects engaged in sportive activities were significantly larger than those with sedentary lifestyle ( Table 6 ).
The subjects were divided to age groups 18-29, 30-39, 40-49 and 50-50+. The width of the Achilles tendon on the left side, and the length on both the right and left sidea were measured as significantly smaller in the age group 18-29 when compared to age groups 30-39, 40-49, and 50-50+) ( Table 7) .
No strong correlation was found between Achilles tendon measurements and anthropometric measurements. Only weight and BMI showed good correlation with tendon sizes. Other anthropometric measurements had poor or very poor correlations with tendon sizes. The highest correlation value was between the weight and cross-sectional area of left Achilles tendon's (r=0.588, p<0.000).
Discussion
Performed with substantially more subjects (on 342 Achilles tendons) than earlier studies, the results of this study provide new information about normal Achilles tendon morphology. Interestingly, it was observed that ethnic factors affected Achilles tendon size, so this study will provide information specific for Turkish population. [2] In this study, we have used ultrasonography for measurements. Magnetic resonance imaging can give more detailed results; [11] but, US imaging has advantages in being non-invasive, cheap, safe (no radiation danger), quick and easily available. The high acoustic contrast of tendons makes them suitable for sonographic assessments. [12] Sonography also allows for dynamic examina- 
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tion with real time feed-back. [12, 13] For these reasons we preferred US imaging and subjects readily adapted to the imaging technique.
Our findings show that males have significantly higher values than females for Achilles tendon size measurements (tendon width, length, thickness and cross-sectional area). To date, information in the literature has mostly focused on tendon thickness. An Achilles tendon thickness of 6 mm isconsidered the upper limit, but this may vary with anatomical and ethnic differences. [2] Our findings for Achilles tendon thickness are around 4 mm. Van Schie et al. [14] measured Achilles tendon thickness as 6.8±1.2 mm, Fahlstrom and Alfredson [15] measuring 6±1 mm, Mabuchi et al. [16] 6.03±0.2 mm, Pang and Ying [17] 5.1±0.6 mm, and Kallinen and Suomin [18] 5.7±1.4 mm. There are differences in Achilles tendon sizes between males and females, possibly due to differences in muscle strength and mechanical properties. [19] The difference may also be associated with the differences of calf muscle thickness between males and females [20] or may originate from the differences in hormones. In women, the amount of estradiol, a form of estrogen, has been shown to affect tendon size. [21] This study found no differences between the right and left side for all measurements. Bohm et al. [22] showed the dominant foot's Achilles tendon length was significantly longer than the non-dominant foot. Also, they found the thickness was significantly different between the dominant and non-dominant sides. Egwu et al. [23] measured the left Achilles tendon thickness was greater than the right side. Pang and Ying [17] observed that the length of Achilles tendon differed between the dominant and non-dominant side. Balius et al. [24] found the same results on cadavers.
There was a significant difference for Achilles tendon measurements between those engaged in sportive activities versus those who were sedentary. Our findings are consistent with those of Egwu et al., [25] Mathieson et al. [26] and Civeira et al. [27] Microtears and degeneration occurs in tendons due to overuse and exposure to repetitive trauma. Following this, a repair process starts. However, Table 3 Comparison of the width, thickness and cross-sectional area of Achilles tendon on the right and left side for male and females using Mann-Whitney U test.
Width Thickness Area Length
Mann if the tendon continues to strain excessively, the number of micro-tears increases. If this process is repeated consistently again and again tendon hypertrophy occurs. [28] [29] [30] Regular exercise also results in tendon hypertrophy. [31, 32] Achilles tendon measurements were significantly higher in non-smokers compared to smokers. Cigarette smoking cause microvascular disorders in all tissues, [33, 34] so can disrupt tendon perfusion. Type 1 collagen is the main collagen in normal tendons. [35] When the blood supply to the Achilles tendon decreases due to smoking, tendons can be damaged more easily. After injury, resynthesized collagen is Type III collagen. [36] Jorgensen et al. [37] showed that non-smokers had a 1.8 times higher amount of mature collagen in their surgical wounds. Tendons with abnormal collagen composition have abnormal structure. There is an inverse relationship between type III collagen and fibril diameter in the tendon, [38] and the difference may be due to these reasons.
The width of the Achilles tendon on the left side, and the length on both the right and left sides were significantly smaller in the age group 18-29 when compared to other age groups (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) , and 50-50+). Stenroth et al. [39] showed that tendon cross-sectional area was 16% larger in the older groups. Magnusson et al. [40] found larger Achilles tendon cross-sectional area in old women when compared to the young. The course of a lifetime brings more exposure to trauma, and we know the repair process results in hypertrophy. Kinugasa et al. [41] found a significant increase in Achilles tendon volume after 4 weeks of unloading. Forces acting on the tendon are reduced in the elderly due to decreased physical activity. Another possible theory that explains this hypertrophy is high blood cholesterol levels in old population. The clinical features of familial hypercholesterolemia include tendon xanthomas and the Achilles tendon is the usual location of these xanthomas which result in hypertrophy in tendon structure.
Conclusion
Sonography is a useful imaging tool for morphometric measurements of Achilles tendon. This comprehensive study presenting normal values of the Achilles tendon and changes in tendon measurements related to physical characteristics, exercise and smoking provides better understanding of the morphologic characteristics of normal Achilles tendons, which may help for a more accurate diagnosis in US. 
